The velocity of wetting a droplet on solid surface is a function of dynamic contact angle formed at a point on the contact line of solid and liquid phases. In this paper, the velocity of wetting obtained using the Arrhenius empirical equation is related to that of the dynamic contact angle. The resulting relationship, however, introduces two microscopic parameters, namely microscopic displacement frequency and length, which are not known as a priori and are usually obtained using a curve-fitting of the measured data. A general correlation for the microscopic displacement frequency which has a wide range of variations is developed that is only a function of the known values of a wetting process. This correlation is presented by improving the available correlation for the surface component of the specific activation free energy of a wetting process using a curve-fitting of a wide range of experimental data. The predicted values from the correlation are in good agreement with those of the reported experiments even when a rough estimate value for the microscopic displacement length is used.
Introduction
The dynamic wetting phenomenon of liquids on solid surfaces is discussed in a number of engineering applications such as thermal spray coating, spray cooling, paint spraying, ink-jet printing, petroleum recovery and distillation, and handling of liquid fuels in microgravity. In many of these technologies, the surface wetting effects during the impact of liquid droplets on a substrate play a crucial role in the system performance (Pasandideh-Fard et al., 1996) . As a result, wetting dynamics has been the topic of many studies over the past decades (Pasandideh-Fard et al., 1996; Cherry and Holmes, 1969; Lopez and Miller, 1976; Foister, 1990; De Ruijter and De Coninck, 1997; De Ruijter et al., 1999; De Ruijter et al., 2000; Seveno et al., 2010; Petrov et al., 2003a; Roux and Cooper-White, 2004) ; in particular, the wetting of liquid drops on solid surfaces has been extensively studied (Šikalo et al., 2005a; Bayer and Megaridis, 2006; Lim et al., 2009; Xiaodong et al., 2007; Roisman et al., 2008; Bonn et al., 2009; Blake et al., 1999; Blake and Shikhmurzaev, 2002) .
The equilibrium and dynamic wetting phenomena are introduced schematically in Figure 1 where a sessile drop on top of a substrate is shown in the two cases. A wide range of technological processes (e.g., cleaning, dyeing or gluing) depends on how well the liquid wets the surface of the solid material. This ability is quantified by the value of the equilibrium contact angle θ e formed at a point on the contact line of solid and liquid phases by the tangents to the curves obtained by intersecting a plane perpendicular to the line of contact (Figure 1 ). The equilibrium condition, described by Young's equation, can be stated as: 
where σ, σ sv and σ sl are the interfacial tensions at the three interfaces of liquid-vapour, solid-vapour, and solid-liquid, respectively. In the derivation leading to the above equation, the solid surface is assumed to be smooth, homogeneous, isotropic and non-deformable (Šikalo et al., 2005a) . As seen from equation (1), the equilibrium contact angle (θ e ) depends on the three interfacial tensions and is measured in complete static state of droplet on the substrate (Pasandideh-Fard et al., 1996) . θ d , displayed in Figure 1 (b), is the angle formed between the moving liquid interface and the solid surface at the line of the three-phase contact (the contact line). Unlike the equilibrium contact angle, the dynamic contact angle is not only a material property; it is a function of the moving contact line velocity (Šikalo et al., 2005b) and also sensitive to the entire flow field near the wetting line (Shikhmurzaev, 1993) . In many wetting scenarios such as droplet impact, the dynamic contact angle (θ d ) as a function of contact line velocity (Bayer and Megaridis, 2006; Roisman et al., 2008) , should be used as a boundary condition to obtain better quantitative agreement of numerical predictions with experimental data. The spreading of a drop on a solid surface is a non-equilibrium phenomenon. It was described qualitatively by Brochard-Wyart et al. (1991) through an introduction of a spreading coefficient for wetting as:
Complete wetting is obtained when S ≥ 0 and partial wetting when S < 0. The case S = 0 is expected for very dry surfaces. The advancing angle is the largest contact angle observed before the wetting line begins to move in the direction of the vapour phase (also known as the wetting process) and the receding angle is the smallest contact angle achievable (also known as the dewetting process) before the wetting line begins to move in the direction of the liquid phase (Šikalo et al., 2005b) . Extensive experimental studies on the wetting phenomenon are available in the literature (Foister, 1990; De Ruijter et al., 2000; Petrov et al., 2003a Petrov et al., , 2003b Roux and Cooper-White, 2004; Šikalo et al., 2005a; Bayer and Megaridis, 2006; Xiaodong et al., 2007; Petrov and Petrov, 1992a; Hayes and Ralston, 1993; Schneemilch et al.,1998; Drelich et al., 2002; Phan et al., 2003 Phan et al., , 2006 Ranabothu et al., 2005; Vega et al., 2007) . One of the main objectives intended in these experiments has been to understand the phenomena occurring in the vicinity of the moving three-phase contact line (Foister, 1990; Petrov et al., 2003a; Bayer and Megaridis, 2006; Vega et al., 2007) . Although the wetting has been studied for many years, many fundamental problems are still open, especially those related to the motion kinetics of the contact line. In particular, the droplet impact phenomenon has attracted research interests since the 19th century, and it continues drawing attention due to its extensive industrial applications in various techniques (Roux and Cooper-White, 2004; Šikalo et al., 2005a , 2005b Bayer and Megaridis, 2006; Bonn et al., 2009; Fujimoto et al., 2000; Werner et al., 2007) . Many numerical and analytical studies (Pasandideh-Fard et al., 1996; Roisman et al., 2008; De Gennes, 1985; Liang et al., 2010; Blake et al., 1995; Xiaodong et al., 2003; Petrov et al., 1999; Chuang et al., 2009 ) discussed the spreading phenomenon of liquid particles on a solid surface. The simulation and prediction of such flows is still a challenging problem due to the existing numerical difficulties such as the need for an accurate modelling of the dependence of the contact angle on the contact line velocity (Bayer and Megaridis, 2006; Roisman et al., 2008 ). An accurate description of fluid flow at the liquid-solid-vapour contact line is important in formulating realistic models of droplet impact. Modelling fluid behaviour in the vicinity of a moving contact line is complicated, because assuming a no-slip boundary condition at the solid-liquid interface leads to a force singularity at the contact line (Pasandideh-Fard et al., 1996) . The problem can be resolved by replacing the no-slip boundary condition with a slip model (Bayer and Megaridis, 2006) . Though this method alleviates mathematical difficulties, there is no experimental evidence to determine which of several available slip models is the most appropriate one to use. Numerical models of droplet impact usually specify the contact line boundary condition by assigning a value to the angle between the solid surface and the liquid/vapour interface (Pasandideh-Fard et al., 1996; Šikalo et al., 2005b) . This apparent contact angle defines the shape of the free liquid surface above the contact line. The contact angle can, in principle, be measured directly from experiments and be used in the numeric model (Pasandideh-Fard et al., 1996; Fukai et al., 1995; Bussmann et al., 1999) . Thermodynamic aspects of wetting and contact angles are generally well understood, but microscopic aspects are not. Energy dissipation during a contact-line spreading on a solid surface can be attributed to various mechanisms. If the leading contribution to the dissipation is due to the adsorption and desorption of molecules within the three-phase zone, then the molecular kinetic theory (MKT) best describes the wetting phenomenon (Blake and Haynes, 1969) . However, if the viscous effect is the main factor in dissipating energy near the contact-line, the hydrodynamic theory should be used (Cox, 1986) . A combination of molecular and hydrodynamic theories is used when both dissipation schemes attribute to the wetting process. This approach is, therefore, called the combined theory (Petrov and Petrov, 1992b) . However, there is no complete and experimentally verified theory for the dynamic contact angle (Šikalo et al., 2005a) . It has been shown (De Ruijter and De Coninck, 1997; De Ruijter et al., 1999; Seveno et al., 2010; Petrov and Petrov, 1992a; Hayes and Ralston, 1993; Schneemilch et al., 1998; Ranabothu et al., 2005; Blake and Clarke, 1997; De Ruijter et al., 1998; Blake, 2006; Bertrand et al., 2010 ) that the MKT model successfully describes the dynamic wetting behaviour in comparison with a wide range of experimental systems. In this paper, the contact line velocity of a wetting phenomenon obtained using the transition state theory (TST) is related to that of the contact line velocity from the molecular kinetic approach. The relationship presented between the contact line velocity and the dynamic contact angle in a wetting process, introduces two microscopic parameters which are not known as a priori. These two parameters, namely microscopic displacement frequency and length, are usually obtained using a curve-fitting of the measured data for the contact line velocity and dynamic contact angle and, therefore, are specific to a certain experiment for a specific substrate and liquid. In this study, a general correlation is developed for the microscopic displacement frequency that is only a function of the known values of a wetting process. This correlation is developed by improving the available correlation for the surface component of the specific activation free energy of wetting using a wide range of experimental data available in the literature. The predicted values from the correlation were in good agreement with those of the reported experiments even when a rough estimate value for the microscopic displacement length was used.
The wetting process from a TST point of view
The TST explains the reaction rates of elementary chemical reactions. The theory assumes a special type of chemical equilibrium (quasi-equilibrium) between reactants and activated transition state complexes. The Arrhenius relation as a TST equation, is derived from empirical observations (Anslyn and Dougherty, 2006) and gives the dependence of the rate constant κ of chemical reactions on the temperature T and activation energy E a , as (Blake and Haynes, 1969; Laidler and Klng, 1983; Pollak and Talkner, 2005) :
where a is the attempt frequency of the reaction and R is the universal gas constant. The contact of a liquid onto a solid can be considered an equilibrium state as long as the liquid molecules are confined within the solid potential well. The wetting/dewetting scenario occurs for the liquid molecules when they are positioned in the imbalance state. For example, for a liquid molecule to replace the adjacent gas molecule (wetting process), it should necessarily be driven from its own potential well to the adjacent well. This can only happen if the potential barrier of the molecule is distorted by a directed agent such as a shear stress. In fact, the spreading happens due to the initial imbalance at the contact line which results from the initial impulse transmitted to the liquid via the difference between the equilibrium and dynamic contact angles.
In the Arrhenius relation, when the activation energy is given in molecular units instead of molar units (e.g., joules per molecule instead of joules per mole) the Boltzmann constant (k B ) is used instead of the gas constant. Therefore, the Arrhenius relation for describing the transition state of a spreading process is:
where a can be assumed to be equal to the attempt frequency of a molecule in the potential well (whether leading to the free state or not). Similarly, κ is the critical attempt frequency of a molecule in the potential well that results in the molecule to be positioned in the exit threshold from the barrier (the so-called free state of the molecule). It can be assumed that for a wetting/dewetting process, a liquid molecule moves in the horizontal direction on a solid surface by jumping from one potential well to the next over barriers of height E a distance λ apart as displayed schematically in Figure 2 . The basis of the above assumption is that the atoms and molecules participating in a wetting process are constrained from movement relative to each other by virtue of energy barriers separating adjacent equilibrium positions as depicted schematically in Figure 2 and curve A in Figure 3 . The displacement of molecules to new positions requires that they become imbalanced by an external agent such as shear stress. In the absence of any applied force on the system, no molecular displacement is observed since the barriers will be crossed with equal attempt frequency in all directions. If, however, a directed agent such as a shear stress is applied to the system, the barriers heights become distorted as shown in Figure 3 , curve B. If f represents the force acting per molecule, then the barrier height is reduced by an amount fλ / 2 in the direction of the force and raised the same amount in the direction opposite to the force. The distance λ represents the distance between successive equilibrium positions; therefore, it may be called the microscopic displacement length. Since the barrier height in the direction of the force becomes (E a -fλ / 2) and in the direction opposite to the force (E a + fλ / 2), the net attempt frequency of molecular displacement in the direction of the force will be:
where κ is known as the microscopic displacement frequency. Hence, the wetting-line velocity can be written as:
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The driving force for the contact line to move in a given direction when crossing one potential well is equal to the imbalance shear force that arises when equilibrium is disturbed; therefore, as a first approximation we may assume f = λσ(cosθ e -cosθ d ). The resulting equation for the wetting-line velocity is then:
Blake and Haynes (1969) using the Eyring kind of approach (Gladstone et al., 1941) reached the same equation for the wetting-line velocity. The detailed development in this section, therefore, is an indication that the Arrhenius relation as a TST equation results in the same conclusion as of the Eyring approach.
Microscopic displacement frequency
The relationship obtained between the contact line velocity and dynamic contact angle, equation (7), introduces two unknown parameters namely κ and λ, the microscopic displacement frequency and length, respectively. The values reported from experimental data show a wide range of variation from 10 4 to 10 12 Hz for κ. However, the reported values for λ are in the order of the molecular diameter (0.3 to 1.5 nm). Therefore, in this study the main focus is on improving the available correlation for κ by using Eyring's theory of absolute reaction rates along with available experimental data. The main advantage of the developed correlation is that it provides values of κ in terms of known physical properties of the liquid. As will be shown later in this paper, the developed correlation results in a good estimate of κ in comparison with those of the experiments. A typical experimental setup (De Ruijter and De Coninck, 1997) include a falling droplet from the tip of a needle immediately touching and spreading on a solid surface. The spreading of the droplets is captured by a CCD camera. For each velocity, the corresponding dynamic contact angle is measured directly from video images. Finally, a curve-fitting by equation (7) for V CL versus θ d gives measured values for the microscopic displacement frequency and length. The details of the experimental setup and procedure have been described in literature (De Ruijter and De Coninck, 1997; Phan et al., 2006; Bayer and Megaridis, 2006; Vega et al., 2007; Ray et al., 2008) . Blake and De Coninck (2002) approximated the microscopic displacement frequency in a wetting process as:
where M, ρ and µ are the molecular weight, density and dynamic viscosity of liquid, respectively, and Δg s is the surface interaction component of the specific activation free energy of wetting. In order to obtain a relation between microscopic parameters and the known thermodynamic quantities, Blake and De Coninck (2002) approximated the specific activation free energy of the surface within the partial wetting domain (i.e., Δg s )
as the reversible work of adhesion between the liquid and the solid surface (i.e., Wa). In other words, they assumed that:
where Wa is defined as (Adamson and Gast, 1997) ( )
Therefore, as a first approximation it can be written:
Substituting for Δg s from the above into equation (8), the microscopic displacement frequency can be obtained as (Blake, and De Coninck, 2002) :
To inspect the accuracy of this relation, we performed a comparison between the calculated values based on equation (12) with those of the reported experiments. It was found that the values obtained from equation (12) underestimates those of the experiments for nearly all cases considered (except for water on PET and on Nylon). A more discussion of this comparison and the experimental cases will be discussed later in this section. Therefore, in this study, we propose to modify the approximate relation for the specific activation free energy [equation (11)] by subtracting a value based on the following relation:
where a parameter σ 0 is proposed which, in general, can be a function of dynamic viscosity, surface tension, liquid density, liquid molecular weight and equilibrium contact angle. Performing a dimensional analysis for this parameter results into two dimensionless values of σ 0 / σ and µ 2 / σ(ρ
, i.e.:
To obtain a correlation for the dimensionless parameter (σ 0 / σ), reported values of various experiments in the literature were used as follows. Substituting for Δg s from equation (13) into equation (8), we may obtain:
The functionality of σ 0 with respect to its proposed variables [equation (14)] can be determined using a curve-fitting of various reported experimental values. The experiments employed for this purpose and their corresponding values of κ and λ are given in Table 1 . 
Ref. (12)] and those of the reported experiments (references as in Table 1 ) Having experimental data of this table and using equation (15), the corresponding values of σ 0 is first obtained. A curve-fitting of the resulting data for σ 0 / σ against the dimensionless parameters of equation (14) (16)] and the experimental values is nearly 27% excluding the two cases of water on PET and Nylon in Table 2 (as above-mentioned 0 m σ for these two cases become negative). Combining equations (15) and (16), we obtain:
To assess the accuracy of this correlation, the values of κ predicted from equation (19) will be compared to those of the experiments and Blake and De Coninck (2002) correlation [equation (12)] in the next section.
Discussion
In this paper, it was shown that the Arrhenius relation may be used as a powerful tool for the description and prediction of the transition process of a wetting/dewetting phenomenon. This relation, therefore, was used to model the wetting-line velocity of a liquid spreading scenario which led to equation (7). The equation, however, included an important microscopic parameter (κ) for which we developed a correlation [equation (19)]. A detailed discussion of this correlation is presented in this section.
Theoretical examination of the developed correlation
As mentioned before, when developing equation (19), the solid/liquid interactions are main sources of energy dissipation within the moving three-phase zone. Therefore, for weak solid/liquid interactions, equation (7) predicts θ d as a weak function of V CL , and vice versa. Substituting for σ 0 from equation (16) into equation (13) and using the definition of the molecular volume as v l = M / ρN a , the surface interaction component (Δg s ) may be obtained as:
0.4 0.00078
where the molecular diameter D in equation (16) . If the argument of the sinh function in equation (7) is small, e.g., when dealing with contact angles close to θ e , as a first order approximation, equation (7) reduces to the linear form:
where
ζ is the coefficient of contact-line friction (De Ruijter et al., 1999) and has the physical dimension of the shear viscosity. It describes the friction of the liquid molecules on the solid substrate per unit length of the contact line. It has been shown that ζ gives a useful description of dissipation within the three-phase zone and can be compared with the dynamic viscosity (Blake, 2006; Blake and De Coninck, 2002) . Substituting for Δg s from equation (20) into equation (8), the contact-line friction from equation (22) can be written as:
This relation predicts that ζ (contact-line friction) increases with Wa (the work of adhesion); i.e., assuming λ to be constant, ln(ζ / µ) varies linearly verses Wa with a positive slope of 0.4λ 2 / k B T. To check the accuracy of this relation, we have plotted ln(ζ / µ) versus Wa for two groups of various liquid/solid experiments (from Table 1 ) where the assumption of constant λ is nearly valid for each group. The experiments selected for the first group (group A) are: Squalane on PET, Octane on Teflon, Ethanol on Steel, Formamide on Glass, Squalane on Glass and water on Glass; where λ varies from 0.98 to 1.1 (with a mean value of 1.043). For the second group (group B), λ ranges from 0.792 to 0.893 (with a mean value of 0.821); the experiments in this group include: 60% w/w glycerol/water mixture, 65.5% w/w thiodiglycol/water mixture, tri methyl poly dimethyl siloxane (PDMS) and squalane on nylon monofilament substrate. 
Experimental examination of the developed correlation
The accuracy of predictions from equation ( Table 2 . The agreement between κ values from equation (19) and experiments for nearly 36% of the cases is in the same order.
The discrepancy between the two results may be attributed to the assumption of a simple liquid [as mentioned in equation (11)] in the derivation of equation (19) . When the reported value of λ is much larger than the liquid molecular diameter, the discrepancy between the predicted values and experiments was increased. For 40% of the cases, the discrepancy is in one order of magnitude difference and for 24% of the cases is more than one order of magnitude.
However, it can be seen that for nearly 90% of the cases, the predicted values using the developed correlation in this paper are in a better agreement with experiments compared to those of the Blake and De Coninck correlation.
A better presentation of equation (19) in comparison with the experiments can be displayed in a logarithmic plot as seen in Figure 5 . To show the accuracy of the presented correlation compared to that of the Blake and De Coninck correlation [equation (12) ], the predicted values from equations (19) and (12) (19)], however, cluster around the 45 0 line meaning that the predictions of equation (19) are closer to the experimental values. It can be concluded, therefore, that he proposed correlation [equation (19)] better predicts the values of κ compared to that of equation (12) for a wide range of wetting scenarios with various liquids and solids. It is clear that a better estimation of the microscopic displacement frequency leads to a more accurate prediction of the contact line velocity based on equation (7). It should be mentioned that the main advantage of equation (19) is that it only correlates the known values of the liquid in a wetting process. As observed from the above discussion, the predicted values of κ are highly sensitive to the values of the molecular displacement length λ. The parameter λ is influenced by the size of the liquid molecules and is somewhat larger than the molecular diameter (Bayer and Megaridis, 2006; Schneemilch et al., 2000; Blake and De Coninck, 2004; Ray et al., 2008) . It is possible to provide an estimate value of displacement λ based on the definition of the molecular volume as follows. As shown schematically in Figure 2 , as a first approximation we assume this distance to be proportional to the size of the molecule as:
where ν l is the molecular volume and C is a constant. To evaluate the constant C, we performed a curve-fitting of the experimental values of λ (given in Table 1 ) which lead to C = 1.6. To investigate the accuracy of equation (24) with C = 1.6, the values of λ obtained from this relation and those of the various experiments for the parameter λ are compared in Table 3 . The estimated λ from equation (24) shows a good agreement with the experimental values for nearly most of the cases (the average error for 80% of the cases is around 21%). To further elaborate the good approximation of equation (24), the estimated values for the parameter λ from this equation are substituted into equation (19) and the resulting values of κ are compared with those of the experiments in Table 4 . As observed, the developed correlation in this paper [equation (19) ] leads to good estimate values for κ even when a rough estimate value for λ is used. Equation (24) does not consider the solid surface properties. The nature of the solid surface is thought to influence the parameter λ (Ray et al., 2008) that is related to the available surface sites for molecular adsorption. It seems, therefore, that considering substrate properties such as roughness and/or equilibrium contact angle in equation (24) may result to a more accurate relation for λ. Developing such a relation, however, needs further theoretical and experimental studies. Table 4 A comparison between κ values predicted using equation (19) based on estimate values for λ from equation (24) with those of the reported experiments (references as in Table 1 
Conclusions
In this paper, a correlation was developed for the microscopic displacement frequency in a wetting phenomenon that is only a function of the known values of the process. The presented expression in conjunction with the Arrhenius equation can be used to predict the dynamic contact angle as a function of the contact line velocity. The correlation was obtained by improving the available relation for the surface component of the specific activation free energy of a wetting process using a curve-fitting of a wide range of experimental data. A theoretical examination of the developed correlation verified its validity for various wetting scenarios. The predicted values from the correlation were in good agreement with those of the reported experiments even when a rough estimate value for the microscopic displacement length was used. The correlations introduced in this study, can be used to predict the contact-line friction as well as the dynamic contact angle in terms of the known values of a wetting process. The detail developments in this study provide a more insight towards the microscopic parameters that influence a dynamic wetting. 
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